Baculoviruses are invertebrate-specific pathogens that are presently developed as bioinsecticides for the insect pest control, particularly the Lepidoptera [1] [2] [3] [4] . They are favored as valuable natural control agents but the application has been hampered for the longer lethal time insect exposure. To improve the promptness of the insecticidal effects, some virus genomes have been genetically modified and applied for crop control against damages from insect pests and the consequent yield loss. These modifications include either the deletion of nonessential genes from the virus genome that might otherwise prolong host life or the insertion of foreign genes with anti-insect activities [5] [6] [7] [8] [9] [10] [11] [12] [13] . Recombinant viruses engineered to produce insect-selective neurotoxins from scorpion venom are considered to have the greatest potential for pest control. The first insect-specific neurotoxin successfully used for engineering a baculovirus was AaIT (from the North African scorpion, Androctonus australis Hector) [14] . Expression of the anti-insect toxin under the control of potent viral promoters has yielded a 30%-45% reduction in effective time to paralysis [15] [16] [17] [18] [19] . Combined expression of the excitatory toxin LqhIT1 (from the yellow Israeli scorpion, Leirus quinquestriatus hebraeus Hemprich and Ehrenberg) and the depressant toxin LqhIT2 have made an improvement of 40% compared with the efficacy of wild-type Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) [18] . BmK IT, an excitatory neurotoxin gene from the Chinese scorpion Buthus martensii Karsch, has been cloned and expressed as a recombinant protein [20] . Its deduced amino acid sequence has been found significantly different (15 aa out of 70) from that of the African scorpion. The expressed BmK IT kills cotton bollworms at very high rates and considerably retards larval development [21] . The high toxicity and strict insect selectivity of this scorpion toxin make it a promising biological insecticide. In this study, we engineered BmK IT gene into the genome of AcMNPV. The bioassay data indicated that the recombinant baculovirus significantly enhanced the anti-insect efficacy of the virus.
Materials and methods

Cells, viruses, insects and plasmids
Spodoptera frugiperda (Sf21) cells were grown in a TNM-FH medium that was supplemented with 10% (w/v) fetal bovine serum and antibiotics [22] . The wild-type virus AcMNPV and the recombinant virus were propagated in Helicoverpa armigera larva. Helicoverpa armigera and Spodoptera exigua eggs were obtained from the Plant Protection Institute of CAAS, Beijing. The insects were reared at 27℃ at 14:10-h light:dark cycle [7] . Plasmid pAcPDIE1 was kindly provided by Professor Schmidt (Insect Molecular Biology Laboratory, School of Agriculture and Wine, University of Adelaide, Australia). Plasmid pExSecI-BmK IT containing the scorpion neurotoxin gene from B. martensii Karsch was previously constructed in this laboratory.
Construction of recombinant baculovirus
PCR was employed to amplify the BmK IT gene from pExSecI-BmK IT using specific primers (forward primer: 5′-CGCG CCGCGG ATG AAA TTT TTC CTT ATA TTT C-3′; reverse primer: 5′-CGCG CCGCGG TTA ACC AAT TAT TTG GAC GTC-3′). The primers contain Bgl II restriction sites to facilitate the cloning of the gene (underlined) to the transfer vector pAcDPDIE1 under the AcMNPV immediate early gene promoter IE1 (Figure 1 (a)) [23, 24] . The IE1 promoter primer (5′-GTT-CATGTTGGATATTGTTTCAGT-3′) was designed to select the correct orientation of clones. Sequencing was conducted to confirm the open reading frame of the recombinant plasmid pAcPDIE1-BmK IT.
The transfer vector pAcPDIE1-BmK IT (500 ng) and
Bgl II restrict enzyme linearized AcMNPV DNA (500 ng) were co-transformed into Sf21 cells using Tfx-20 ( Figure 1(b) ). The viruses were collected five days after transfection and the appearance of polyhedra. Recombinant viruses were isolated using plaque assay [25] [26] [27] .
Detection of BmK IT expression from recombinant baculovirus AcMNPV-BmK IT
Total RNA was isolated from Sf21 cells infected with wild-type and recombinant baculoviruses [28] . The firststrand cDNA was prepared using the SuperScript II reverse transcriptase kit (Invitrogen) by following the manufacturer's instructions and using random hexamer primers (Roche). Expression of the BmK IT gene was confirmed by PCR using forward primer and reverse primer.
For RNA dot-blot analysis, 10 μL of RNA samples was loaded onto a nylon membrane. The cDNA fragment encoding the toxin was radioactively labeled with [
32 P]-dCTP by primer extension and used as a probe in hybridizations at 65℃. After washing under stringent conditions, the probed membrane was exposed to an X-ray film and developed in an automatic film developer.
The production of BmK IT in recombinant-virus-infected Sf21 cells was detected using 15% (w/v) SDS-PAGE. Cells were harvested at 6, 12 and 24 h post-infection, pelleted and resuspended in 1×SDS-PAGE sample buffer (4% SDS, 4% β-mercaptoethanol, 50 mmol/L Tris-HCl, pH 6.8, 10% glycerol, 0.1% bromophenol blue) at a concentration of 5000 cell equivalents/μL. After shearing with 27-gauge needles, the cell lysates were heated for 5 min at 100℃. 10 μL of each lysate was 
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subjected to SDS-PAGE on a 15% polyacrylamide gel. The gel was stained with Coomassie blue R-250 to visualize BmK IT.
Isolation of polyhedra and biological assay
Sf21 cells were collected five days after infection when most cells were infected and large polyhedra were observed. Infected cells were centrifuged at 15000×g for 10 min, resuspended in 50 mL of a 0.5% (w/v) SDS solution and incubated for 15 min at room temperature. The lysate was centrifuged as described previously and the pellet was washed several times in sterile water to remove SDS. After the final wash, the pellet consisting of occlusion bodies was resuspended in 1-2 mL of water. Occlusion bodies were injected into H. armigera to get rid of the deletion or mutations of the cell cultures and to propagate viruses for bioassay.
Electron microscopy of infected cells was performed as follows. After brief sonication to disrupt aggregates, polyhedra were counted with a Neubauer hemocytometer, and the total number of polyhedra produced per dish was calculated. Ultrathin sections of virus embedded in Spurr's resin were stained with 10% methanolic uranyl acetate for 15 min and were examined on a JSM-T300 scanning electron microscope at 20 KV.
Thirty third-instar S. exigua larvae were prepared for each treatment. Purified recombinant viruses and wild-type AcMNPVs were counted and diluted in water to adjust the number of viruses per milliliter. Polyhedra concentrations were 10 4 , 10 5 , 10 6 , 10 7 and 10 8 PIBs/mL. Dose-lethal time was determined using the droplet-feeding method. Larvae were starved for 16 h at 27℃ and then allowed to drink from polyhedra suspensions of known concentrations for 15 min. The suspensions were offered in small droplets, applied in a circle on a layer of parafilm placed on the bottom of a Petri dish. After infection the larvae were transferred to individual wells of a 10-well tissue culture plate with fresh diet [29] [30] [31] . Control larvae were fed the same diet and both larvae were reared at 27℃. Bioassays of experiments were replicated three times.
Results and discussion
Confirmation of the recombinant plasmid and recombinant baculovirus
BmK IT gene was amplified and inserted into the transfer vector pAcPDIE1 to form the recombinant plasmid pAcPDIE1-BmK IT under the AcMNPV immediate early gene promoter. Plasmid pAcPDIE1-BmK IT with proper gene orientation was selected and confirmed by PCR using forward and reverse primer, and IE1 promoter primer and reverse primer, respectively. To confirm the recombinant baculovirus, genomic DNA of the recombinant baculovirus AcMNPV-BmK IT was used as the template. PCR analysis was carried out using the primer combinations as previously described. A polyhedra gene fragment was amplified as control (Figure 2(a) ). (Figure 2(c) ). SDS-PAGE analysis of BmK IT expression controlled by the immediate early promoter IE1 indicated that gene synthesis was firstly detectable 12 h post-infection (Figure 2(d) ).
Confirmation of the expression of
Bioassays of recombinant baculovirus AcMNPVBmK IT
The larvae of S. exigua, as the permissive host for AcMNPV, were used to compare the virulence of AcMNPV and AcMNPV-BmK IT. Five concentrations of each virus dilution solution were applied in bioassay experiments and the number of surviving larvae was recorded three times per day. 48 h to 56 h post infection, and the muscle paralysis induced by excitatory insect toxin was observed only in larvae infected with AcMNPV-BmK IT. The results indicate that both variety of baculovirus (AcMNPV-BmK IT and wild-type AcMNPV) could kill the larvae during the 192 h infection, whereas no mortality was observed in the control group. At the concentrations of 10 6 PIBs/mL and 10 7 PIBs/mL, the median lethal time (LT 50 ) of S. exigua larvae infected with AcMNPV-BmK IT were found 82.0 h and 73.6 h, an improvement of more than 13% over that of the wild type (94.4 and 84.8 h) ( Table 1 ). The LC 50 of The use of chemical pesticides targeted at neuronal sodium channels has benefited agricultural production for their effectiveness in pest control. However this approach has been encountering the resistance build-up in pest insects and the toxicity to non-targeted organisms.
Although the wild type baculoviruses show great potential as pest control agents of natural origin, its application has been constrained by slower lethal effects on pest insects. One solution to these problems is to employ the insecticidal viruses as the biological agents against specific pest insect hosts. So far many academic and industrial laboratories have input great resources in producing genetically modified or recombinant baculoviruses of accelerated toxic effects on target insects [32] [33] [34] . The specificity to target insects and the prominent bioactivity of ARTICLES MOLECULAR VIROLOGY the toxins rendered from the recombinant baculovirus make them useful in pest control [35] [36] [37] . Moreover, risk assessment studies on non-target organisms have the implications that their future utilization could be more environmentally safe [38] . This study indicated that the toxic effects of the recombinant baculovirus AcMNPVBmK IT against the target insects have been elevated significantly compared with that of the wild type virus. It suggests that this recombinant baculovirus has great potential for developing new bioinsecticides.
